5 y0 CO2 and 10 y0 02 with 5 y0 CO2 for 48 hr. As oxygen concentration decreased to 10 yO, self-stimulation rates increased while food and water intake decreased during the first 12 hr. At 8% oxygen all three measures of activity declined. For the rest of the hypoxic exposure, self-stimulation rates as well as responding for food and water returned toward control levels, although food and water intakes remained depressed in 8% oxygen. The performance of motor tasks has been shown to deteriorate in hypoxia (ZO), with progressively more deterioration as the severity of the oxygen deficiency increases (8) . While the use of animal subjects increases the range of hypoxic conditions that can be studied, some problems can arise when food or water reinforcements are used to maintain the behavior. It is well known that ascent to altitude results in decreased appetite in man (20) as well as rats (lG), and therefore decreased performance of animal subjects could arise from the effects of hypoxia on food intake rather than motor output. Although this problem was recognized in some previous studies (19), it was felt that the decrease in performance during hypoxia could not be accounted for solely on the basis of decreased appetite.
Electrical stimulation of reinforcing areas of the brain can be used as an alternative to food and water to maintain behavior.
Studies using this technique have shown that the deterioration in performance during hypoxia depended on the rate of responding prior to the exposure (1). Animals that responded at low rates were severely disrupted by mild hypoxia (14 % oxygen), whereas animals responding at high rates were only affected by severe hypoxia (8 % oxygen). The authors hypothesized that the "motivational level" of an organism, as reflected by response rates, was a factor in determining its response to hypoxia. A further factor that has been shown to influence performance during hypoxia is the addition of carbon dioxide to the inspired gas. Decrements in hearing and problem solving in human subjects could be attenuated with the addition of carbon dioxide (7). S' imilarly, the beneficial effects of 5 % carbon dioxide added to 8 70 oxygen has been shown in the study of locomotor activity in rats (9). The same effect was .observed when electrical self-stimulation of the brain was studied in rats (2 1). The addition of 3 70 carbon dioxide reversed the disrupting effects of 14, 12, and 10 % oxygen. This amelioration in performance has been attributed partly to the attenuation of respiratory alkalosis induced by hypoxia (15, 22) .
While acute (less than 6 hr) exposures to hypoxia seem to lead inevitably to decreased performance, more prolonged exposure can have differential effects on behavior. When animals that lived in chambers with continuous access to electrical self-stimulation of the brain, as well as food and water, were exposed to 10 % oxygen for 48 hr there was a decrement in food and water intake during the first 12 hr of exposure, but this was accompanied by substantial increase in self-stimulation rate (14) . Following the first 12 hr of exposure, self-stimulation declined to control levels, and there was a partial recovery in food and water intake. It was not clear from these results, however, whether the apparent contradictory effects of acute and prolonged exposure were due to the particular oxygen concentration used (10 %) or whether the longer exposure could have induced metabolic changes associated with alterations in acid-base balance. In addition, these animals had been maintained in a constant light environment that could have resulted in a masking of the effect of hypoxia because of different circadian periodicities in the lever-pressing patterns of the rats. The purpose of the present experiments was to extend these observations by exposing animals to 14, 10, and 8 % oxygen for 48-hr periods and to determine whether the addition of 5 % carbon dioxide to the hypoxic mixture would attentuate the behavioral alterations as previously observed during acute exposures. Further, the animals were entrained to a 12-hr light-dark cycle to eliminate problems that might arise from a free-running diurnal rhythm in the response patterns. 4.5 mm posterior to the bregma, 1.5 mm lateral to the midline, and 8.5 mm below the surface of the skull. Using the Konig and Klippel (12) stereotaxic atlas, the electrodes were aimed at the medial forebrain bundle at the level of the mammillary bodies. After recovery, the rats were trained to self-stimulate in a modified Skinner box. Each lever press closed a circuit that delivered a 250-msec pulse train of 60 Hz a-c current from a constantcurrent stimulator to the rat. Current levels ranged between 15 and 50 pa to produce lever pressing rates of 40-l 00 responses/min.
Only those animals that showed consistent lever pressing in the range of 40-100 responses/min without large motor involvements were used in the experiments. Approximately 80-90 /O of the rats implanted with electrodes met this cr iterr on . . . .
All experiments followed the same general procedures. Each rat was placed in an experimental chamber with ad libitum access to water and food pellets. The experimental chamber was equipped with three levers, a food tray, and a water cup. The left front lever provided brain stimulation as in the training chamber. The right front lever released a 90-mg food pellet into the food tray for each lever press, and the right rear lever released 0.03 ml of water into the water cup for each lever press. After 2 days of lever pressing for food and water, the rat was connected to the stimulator and allowed ad libitum access to self-stimulation, as well as food and water. Six days later each rat that had established at least 2 days of a consistent base line of self-stimulation, drinking, and eating was exposed to 48 hr of hypoxia. Hypoxia was always initiated at 1,300 hr and ended 48 hr later at 1,300 hr.
Each experimental chamber was controlled for temperature humidity and noise. Temperature was maintained at 22 XI= 1 C. Lighting was a 12hr dark/light cycle with lights on from 0700 to 1900 hr. Each chamber had a filtered positive pressure air flow of 4-5 liters/min.
The subjects that had reached a stable base line of performance by day 6 were divided into two experimental groups. In ex;beriment -I, different groups of four rats each were exposed to either 2 1 So oxygen, 10 % oxygen, or 8 % oxygen. In experiment 2, four rats were exposed to 21 70 oxygen with 5 % carbon dioxide, and three other rats were exposed to 10 % oxygen with 5 % carbon dioxide.
The procedure for lowering oxygen concentration in each chamber consisted of diluting the positive pressure air flow to the chamber with nitrogen. Continuous samples from each chamber at the level of the rat's head were measured on a Westinghouse oxygen analyzer (model 207E). Carbon dioxide was added in a constant flow from a separate orifice just above the input of the hypoxic mixture.
Continuous samples were measured on a Godart capnograph (model KK802).
At the completion of an experimental session, each rat was perfused with Formalin and the brain was preserved for histology.
Specimens were prepared according to histological procedures with stained Nissl substance (cresyl violet). The control rats that remained in 21 % oxygen for days 7 and 8 did not change their performance from base-line levels. The animals exposed to 14 % oxygen increased their self-stimulation rate significantly (P < .05) above control values in the first, second, and fourth 12-hr period of hypoxia.
Water intake was significantly lower (P < .05) than control values for the first two 12-hr periods but then returned to normal, whereas food intake was not significantly altered by 14 % oxygen (Fig. 3A) .
The ratsexposed to 10 % oxygen showed a 112 % increase in self-stimulation during the first 12 hr of hypoxia. Selfstimulation rates for the duration of 10 % oxygen exposure returned to control rates (Fig. 3B ). During the first 12 hr of exposure to 10 % oxygen, there was a 98 % decrease in water intake and 91 % decrease in food intake. The upper half of Fig. 2 shows the event recorder traces of the four animals during the last 12 hr in 21 % oxygen and the first 12 hr in 10% oxygen. Food and water intake returned toward control levels in the third and fourth-12-hr periods of hypoxia, reaching 44 % base-line levels by the last 12 hr. This was not significantly different from control levels for water intake, due to the increased variability of the results in recovery, but food intake was still significantly different, (P < .05). It can be seen in Fig. 2 that during the first 12 hr of hypoxia the rats self-stimulated continuously while almost stopping their lever pressing for water and food.
In 8 % oxygen, self-stimulation rates were always below base line, but this difference was only significant during the second 12-hr period.
Food and water intake were completely suppressed during the first 12 hr of 8 % oxygen and did not return to control levels for duration of the hypoxic exposure. The lower half of Fig. 2 shows the event recorder traces of the four rats during the first 12 hr of 8 % oxygen. None of these animals showed the potentiation of selfstimulation that characterizes exposure to 10 % oxygen. The group of rats exposed to 5 % carbon dioxide in 2 1 % oxygen was not significantly different from the animals exposed to 21 % oxygen in self-stimulation and food intake. Water intake increased significantly in the last 12 hr, possibly due to the COB-induced hyperventilation (Fig. 3C ). The behavior of the rats exposed to 10 % oxygen and 5 % carbon dioxide did not deviate significantly from the behavior of the rats in 10 % oxygen without carbon dioxide (Fig. 30) . Self-stimulation increased 12 1 % during the first 12 hr of exposure to 10 % oxygen with 5 % CO2 while food and water intake decreased 88 and 99 %, respectively.
DISCUSSION
The results obtained from the combined use of brain stimulation techniques with measures of food and water intake suggest that the effects of prolonged exposures to hypoxia on brain function are more complex than has been possible to estimate from short-term studies. The present experiments indicate that mild hypoxia (14 and 10 % oxygen) has a differential effect on behavior, whereas more severe hypoxia (8 % oxygen) has a unidirectional effect. Further, it is clear that the effects observed in the present experiments cannot be attributed to the respiratory alkalosis during hypoxia, since the addition of 5 % carbon dioxide did not alter either the direction or the pattern of the behavioral . changes observed in nypoxia alone. 1 hese results are in marked contrast with short-term studies where the effects of hypoxia could be attenuated by the addition of carbon dioxide.
This suggests that hypoxia may have a biphasic effect on behavior. With brief exposures, only the depressant effects of hypoxia can be observed, and these effects may be related to alterations in pH as well as cerebral circulation. With more prolonged exposures, different physiological adaptive responses may appear to alter substantially the response of the organism.
Because of the discontinuous nature of the behavioral output of the rats in the present experimental paradigm, the early depressant phase is not observed on the self-stimulation response. The decreased food intake during hypoxia observed in the present experiments has also been observed in subjects transported to altitude. Travellers to high altitudes have reported a distaste for the sight of food (2) and sometimes a change in food preference and a loss of weight (20) . Similarly, rats translocated to Pikes Peak showed a 58 % reduction in food intake during the 1st day at an altitude of 4,300 m (equiv. to 11.5 % oxygen) (16 Previous experiments (14) have shown that the effects of hypoxia on food and water intake are independent of the effects on self-stimulation, since animals without access to self-stimulation show the same decreases. This simultaneous decrease in food and water intake suggests that hypoxia affects similarly both the adrenergic neural systems mediating food intake and the cholinergic systems mediating water intake. Both of these systems extensively overlap in the hypothalamus (10). It is particularly interesting, therefore, that self-stimulation increased while the other two activities decreased, since the stimulating electrodes were also implanted in the hypothalamus.
Hypoxia, acting as a general stress, can cause an activation of neuronal function.
A high proportion of neurons tested in the posterior and lateral areas of the hypothalamus of rabbits has been shown to be excited by nitrogen inhalation (3). Patterns of activation at lower altitudes (equivalent to 16.6 and 14.8 % oxygen) in the EEG of the lateral and frontal part of the diencephalon of rabbits have also been reported (11). The cortical arousal that is also seen in hypoxia has been proposed to be due to brainstem reticular activation induced through the enhanced discharges of carotid and aortic chemoreceptors (6). This stress-induced activation of neuronal function may be associated with changes in specific neurochemical systems. The neurotransmitter substance thought to be involved in the self-stimulation phenomenon is norepinephrine. It has been shown that this substance is released in the brain when hypothalamic areas are electrically stimulated (18). The depletion of norepinephrine by reserpine eliminates self-stimulation in rats and amphetamine, which has been shown to facilitate the release of norepinephrine in the
